• For many years it has been recognized 14 that normal human subjects and normal dogs retain salt and water only transiently and fail to develop edema during the chronic administration of large doses of a sodium-retaining hormone such as desoxycorticosterone acetate ( DCA ). Similarly, some Addisonian patients 5 retain Na for only a few days in response to prolonged administration of DCA or aldosterone. During a normal Na intake, Na retention occurs for the first one to two days of DCA injection in dogs 4 and for five to ten days of treatment with DCA in human beings -• 3 but, thereafter, Na excretion returns to normal. This phenomenon has been referred to as the "escape" from the sodiumretaining effects of the hormone. The mechanisms involved in this "escape" have been the subject of considerable research and discussion but the problem remains unresolved.
In contrast to the failure of chronic Na retention to occur in the normal dog and in some Addisonian patients with large doses of DCA, adrenalectomized dogs with thoracic inferior vena cava constriction ° or with severe pulmonic stenosis 7 show virtually complete Na retention and accumulate ascites for weeks to months during administration of large amounts of DCA. Following removal of the caval ligature in adrenalectomized dogs, Na retention failed to occur despite the administration of six times the minimal maintenance dose of DCA. 0 The presence of a caval ligature or of changes associated with depressed From the Section on Experimental Cardiovascular Disease, Laboratory of Kidney and Electrolyte Metabolism, National Heart Institute, Bethesda, Maryland.
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myocardial function increases the sensitivity of the animal to the action of DCA on the renal tubular reabsorption of Na. The present report is concerned with the nature of this mechanism which is essential for chronic renal Na retention in the presence of large amounts of DCA.
To examine the role of elevated renal venous pressure in chronic Na retention, the left kidney was transplanted to the neck, both adrenal glands were removed, the right kidney was extirpated and the thoracic inferior vena cava was constricted in dogs. In this experimental preparation the venous pressure in the transplanted kidney is normal. These animals were given large daily injections of DCA or of aldosterone to test the sensitivity of the renal tubules to the action of a sodium-retaining hormone. Since transplantation of the kidney denervates it, the importance of the renal nerves in the mediation of Na retention in the presence of a high circulating level of DCA lias been studied in this animal preparation. The effects of large doses of DCA on Na excretion have also been observed in adrenalectomized dogs and in hypophysectomized animals.
In addition, the sodium-retaining action of DCA was studied in dogs with a large arteriovenous fistula. Postprandial measurements of glomerular filtration rate (GFR) and renal Na excretion were made in these animals.
Methods

EXPERIMENT I
The animal preparations in this study consisted of six bilaterally adrenalectomized mongrel dogs with only one kidney which was transplanted to the neck. These dogs were studied during the formation of ascites secondary to constriction of the thoracic inferior vena cava, and four of them
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were studied again after removal of the caval ligature. Considerable difficulty was encountered in their surgical preparation and in keeping them healthy in the presence of such drastic alterations. The order of the surgical procedures and the interval between them which produced the highest yield of successful preparations was 1) transplantation of the left kidney to the neck by the technique of Levy and Blalock 8 and, at the same operation, removal of the left adrenal gland and the right kidney, 2) after an interval of two to three months, loose constriction of the thoracic inferior vena cava, and 3) additional constriction of the inferior vena cava and extirpation of the right adrenal gland one to two weeks later. Care was taken in exteriorizing the ureter to prevent obstruction and subsequent hydronephrosis. A 40% yield of successful preparations was obtained with this design.
The animals were kept in metabolic balance cages throughout the study; urinary and fecal Na and K excretion were measured. They were fed a synthetic diet 9 containing 60 mEq/day of Na and 18 mEq/day of K with the exception of dogs 2 and 4. These two animals received one pound of canned Red Heart dog food daily; this daily ration contained 40 mEq of Na and 40 mEq of K. Urine dripped from either the open end of the ureter or from the surface of the neck to the collecting pan of the metabolic balance cage. As a result, the urine collections were not as complete as when a large volume of urine is voided normally. To improve the collection of urinary electrolytes, 500 ml of distilled water were used to wash the pan of the metabolic cage each day. Urinary, fecal and plasma electrolytes were measured by flame photometry; feces were digested and extracted by a method described previously. 0 Inferior vena cava pressures were measured with a water manometer. The injections of DCA in oil, and of a saline suspension of cortisone acetate were given intramuscularly once daily. Aldosterone, as the free alcohol in oil, was given intramuscularly twice daily.
Renal plasma clearance measurements of creatinine (Cr) and para-aminohippurate (PAH) were made in the postabsorptive state without hydration by standard methods. 9 Urine was collected by holding a wide-mouthed test tube against the surface of the neck over the ureteral orifice; at the end of the collection period the kidney was massaged gently to express urine from the renal pelvis. Each value for C r r and CPAH represents the average of three renal clearance periods.
EXPERIMENTS II AND III
Response to 25 mg/day of DCA was studied in three adrenalectomized dogs and in three hypo-physectomized dogs. The three adrenalectomized animals were supported throughout the study on 12.5 mg/day of cortisone acetate orally; during the control and recovery periods, the dogs were maintained on 2 mg/day of DCA. Measurements of Na and K excretion and plasma Na and K concentration were made; the metabolic balance methods used were the same as in Experiment I except that urine was voided normally and the urinary bladder was catheterized to end each daily collection. In the three hypophysectomized animals, postabsorptive renal plasma clearances of Cr and PAH were made; urine was collected by washing the bladder.
EXPERIMENT IV
A large (12 to 15 mm long) aortic-caval fistula was made about 3 cm below the renal arteries in four normal female mongrel dogs weighing 18 to 22 kg. The animals were fed the same synthetic diet as in Experiments I-III and Na balance studies were conducted. After control observations, daily injections of 25 mg/ day of DCA in oil were given intramuscularly. In two of the dogs, the postprandial rise in GFR and its relation to renal Na excretion were studied during the control period and during the administration of DCA. These postprandial renal creatinine clearance measurements were made over a period of six to seven hours with the dogs in a metabolic cage in order not to disturb the animals any more than was necessary to obtain the blood and urine samples; creatinine was given as a constant infusion in 5% glucose in water at 0.5 ml/min. Rubber tubing for the infusion was connected to the animal from a pump outside the cage; by means of a rotating swivel joint, the dog was allowed to move freely within the cage during the clearance study.
Results
EXPERIMENT I
Effects of DCA and of Aldosterone on Sodium Excretion in the Presence and in the Absence of Thoracic Caval Constriction in Adrenalectomized Dogs with Only One Kidney which Was Transplanted to the Neck
This experiment was performed to determine the influence of a sodium-retaining hormone on the renal tubular reabsorption of Na by a transplanted kidney. By transplantation of the kidney to the neck, venous pressure in the kidney was normal following constriction of the inferior vena cava. In addition, the influence of renal denervation could be studied because transplantation denervates the kidney.
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During caval constriction and administration of a large dose of DCA (table 1 and figs. 1 and 2), renal Na retention was marked and large quantities of ascitic fluid formed. Low Na and high K pattern of fecal excretion which is typical of dogs with caval constriction and secondary hyperaldosteronism u was present. Concentration of plasma Na was within the normal range; plasma K level was normal or slightly elevated. Occasional injection of cortisone in addition to DCA failed to influence the marked degree of Na retention.
Following removal of the caval ligature, a diuresis occurred and all ascites disappeared in spite of the continued administration of 25 mg/day of DCA. A negative Na balance was present during the first one to four days after removal of the caval ligature. Thereafter, urinary Na excretion ranged from 25 to 62 mEq/day unless cortisone was given; injection or cortisone in addition to DCA increased the daily excretion of Na. Sodium balances in figures 1 and 2 appear to be slightly positive after removal of the caval ligature but the apparently low rate of urinary Na excretion reflects the incomplete collection of urine from animals with a kidney transplanted to the neck; after the diuresis, body weight was stable. The level of plasma Na was slightly elevated in dogs 1, 3, and 5 after removal of the ligature, a finding consistent with the slight hypernatremia observed in normal dogs given 25 mg/day of DCA. 4 Initial natriuresis was accompanied by a large loss of K (table 1); urinary K loss continued and a hypokalemia resulted. Concentration of plasma K reached levels of 2.5 mEq/liter. This degree of hypokalemia is similar to the typical response to DCA in normal dogs ** and does not reflect a change unique to animals with a transplanted kidney. Dogs 4 and 6 died either during or after removal of the caval ligature before adequate studies were made.
The relation of changes in renal hemodynamic function to renal Na excretion was studied by measuring the rates of glomerular filtration (GFR) and renal plasma flow 
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FIGURE 1
Sodium excretion and creatinine clearance during caval constriction and ascites formation and following removal of the caval ligature in a bilaterally adrenalectomized dog with only one kidney which was transplanted to the neck (dog 3 of . 1 ), Cc r and C,. AI . fell progressively until values less than 50& of the rates of GFH and BPF present during ascites formation were observed but Na balance continued. The data give no indication that a reduction in either GFB or RPF was the factor responsible for Na retention during caval constriction.
To determine the efficacy of aldosterone in the production of Na retention, studies were conducted in dogs 5 and 6 after completion of the observations with DCA. Only a limited supply of aldosterone was available. Results show that 0.5 to 1.0 mg/day of aldosterone produced marked Na retention during caval constriction (table 2). The rate of Na excretion was not, however, as low as during the injection of 25 mg/day of DCA. In the absence of the caval ligature, electrolyte balance was achieved during administration of aldosterone.
EXPERIMENT II
Effects of DCA on Electrolyte Excretion in Adrenolectomized Dogs
Response to a large daily injection of Sodium excretion, plasma electrolyte concentrations and creatinine clearance during caval constriction and ascites formation and after removal of the caval ligature in a bilaterally adrenalectomized dog with only one kidney which was transplanted to the neck (dog 5 of table 1). Abbreviations are same as in figure 1 . DCA (25 mg/day) was studied in three adrenalectomized dogs (table 3) . There was mild Na retention on the first day of DCA administration, a response similar to that observed in normal dogs. 4 Sodium excretion was higher on the second than on the first day of DCA administration and remained essentially unchanged during the remainder of the period of administration of the large dose of DCA.
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Although the rate of Na excretion was slightly depressed from days 2 to 6 of DCA administration, all three animals "escaped" from the sodium-retaining action of DCA. From the recovery observations, there was no evidence of cumulative Na retention during the period of DCA administration in dogs 2 and 3. Concentration of plasma Na was not detectably changed but a mild increase in water turnover occurred. The response in K to DCA was indistinguishable from the changes observed in normal dogs; 4 there was a large initial loss of K and a hypokalemia resulted. Dogs 1 and 3 became very weak, presumably secondary to K loss, and died on the third and fifth days of the recovery period.
EXPERIMENT III
Effects of DCA on Electrolyte Excretion in Hypophysectomixed Dogs
To determine whether a low GFR or RPF will promote Na retention in the presence of excessive sodium-retaining hormone, three dogs were hypophysectomized to reduce markedly their renal hemodynamic function. It has been demonstrated previously 12 that about six weeks must be allowed for the effects of loss of anterior pituitary hormones on renal hemodynamic function to be fully manifest. After six weeks, measurements of Cc,. and Ci-AH showed very low rates of CFK and RPF in all three dogs. Electrolyte excretion, the concentrations of Na and K in plasma and the renal clearances of Cr and PAH were studied during a control period of one to 2 weeks, during injection of 25 mg/day of DCA for five to eight days, and during a recovery period of three to five days. The response to administration of this large dose of DCA (table 4 and fig. 3 ) was essentially the same as that observed in normal dogs. 4 Sodium retention occurred during the first one to two days of DCA administration; thereafter Na balance was present, GFR and RPF remained at the low posthypophysectomy control level in two of the dogs (1 and 3) while in dog 2 renal function appeared to increase slightly during DCA administration. Potassium balance was negative and a hypokalemia developed. Concentration of plasma Na increased slightly and water exchange was increased sufficiently to produce a mild diabetes insipidus-like condition.
EXPERIMENT IV
Effects of DCA on Electrolyte Excretion in Dogs with an Arteriovenous Fistula
Sodium balance measurements were made in four dogs with a large aortic-caval fistula of two to six weeks duration. During the control period, Na balance was present in three of the animals ( fig. 4) ; in dog 4, Na excretion varied so that periods of positive and negative sodium balance both occurred. Administration of DCA produced marked Na retention in all four dogs; ascites formed in dogs 2 and 4 to which DCA was given for the longest periods. Cessation of DCA was followed by a natriuresis in all four animals. These findings demonstrate that dogs with a large aortic-caval fistula are unusually sensitive to the sodium-retaining action of DCA.
The relation of the level of GFR to renal Na excretion during the postprandial state was studied in two dogs during the control 5 ). During the control period, GFR and renal Na excretion increased following the meal and the response was essentially the same as that reported previously for normal dogs. 11 Also, during DCA administration a progressive increase in GFR occurred postprandially and the final level of GFR reached several hours after feeding was as high as during the control period; renal Na excretion, however, remained low throughout the postprandial period of study.
Discussion
The nature of the mechanism by which aldosterone influences Na excretion is not completely understood. In man, the intravenous administration of aldosterone produced a marked reduction in sodium excretion after a latent period of 20 to 60 minutes; 1S K loss often occurred before the onset of Na retention. In normal dogs, the direct intrarenal arterial infusion of aldosterone for two hours failed to influence Na excretion although a kaluresis occurred during this time. 14 In striking contrast, the adrenalectomized dog was very sensitive to small doses of aldosterone. 14 -15 Liddle and associates 13 found that the response in the adrenalectomized dog to a single intravenous injection of aldosterone consisted of Na retention and K loss and that the peak of the response occurred during the third and fourth hours after injection.
Chronic effects of daily administration of a sodium-retaining hormone differ from the acute response. In the normal dog, large doses of DCA produced Na retention for only one to two days before an "escape" from the sodiumretaining action of the steroid occurred. 4 Po- Response of dogs with an aortic-caval fistula to the administration of 25 mg/day of DCA as indicated by the solid black bar.
tassium excretion continued for seven to ten days and a hypokalemic alkalosis developed before refractoriness to DCA occurred. A similar response to massive amounts of DCA or aldosterone has been observed in man during normal Na intake except that the "escape" was more gradual than in the dog. 2 ' 3 ' 5 -lfl Most patients with primary hyperaldosteronism achieve Na balance and total body Na is increased but edema fails to develop; thus, these patients show the "escape" phenome-Circulation Research, Volums XIV, January 1964 non. 17 Also, the "escape" phenomenon occurred in the three adrenalectomized dogs of the present study. The response of the Addisonian patient to large amounts of DCA or aldosterone is variable. 5 ' 18-2° Some patients respond almost identically to normal human subjects 5 while others retain salt and water and develop signs of congestive heart failure. 18 " 20 In this regard, the response differs in man and dog because there are no reported instances of congestive failure secondary to large amounts of DCA and salt in the dog. These findings in the Addisonian patient suggest that some additional factor is present in the patients who develop edema; this factor and the excess of sodium-retaining hormone lead to retention of salt and water, hypervolemia, and, occasionally, frank congestive heart failure. In patients with cardiac disease, 19 -20 the additional factor might be secondary to cardiovascular or renal functional changes. A striking increase in the sensitivity of adrenalectomized dogs to large doses of DCA with virtually complete Na retention occurred in animals with depressed myocardial function secondary to severe pulmonic stenosis. 7 These animals developed signs of congestive heart failure.
Changes which occur in adrenalectomized animals or Addisonian patients with heart disease and increase the sensitivity to DCA are not necessarily directly related to the myocardium. Adrenalectomized dogs with constriction of the thoracic inferior vena cava show almost complete retention of Na and form large quantities of ascites for weeks to months in the presence of excessive amounts of DCA. 0 Furthermore, the degree of Na retention was proportional to the amount of DCA given; 6 with small maintenance doses of DCA, Na balance was present while large amounts of DCA produced Na retention and ascites formation. The data demonstrate that excessive amounts of a sodium-retaining hormone are essential for renal Na retention in the dog with thoracic caval constriction and the evidence suggests an initiative rather than a permissive role of aldosterone in the retention of Na. Also, constriction of the inferior vena cava above the hepatic veins in rats Relation of the postprandial rise in GFR to renal Na excretion (E Na ) in two dogs with a large aortic-caval fistula during control Na balance measurements and during DCA and in the presence of Na retention. The vertical arrows show the time of feeding; the individual periods following the meal were one hour in length.
greatly increased the responsiveness of the animals to the Na-retaining effects of DCA. 21 Available data demonstrate, therefore, that myocardial disease and alterations secondary to caval constriction lead to increased sensitivity of animals to excessive sodium-retaining hormone. Certain cardiovascular and renal functional changes are common to patients and animals with depressed myocardial function and to animals with caval constriction. First, systemicvenous pressure or venous pressure below the constriction may be elevated at rest or, if not at rest, during activity. Second, renal hemodynamic function is frequently depressed in patients with cardiac disease in the absence of frank cardiac failure '--• -3 and in dogs with thoracic caval constriction. 11 In patients with a decreased exercise tolerance secondary to myocardial disease, a reduction in renal blood flow occurs during increased activity or exercise. 22 In the present study, it was demonstrated that a direct influence of venous hypertension on the kidney is unnecessary for the sodiumretaining action of DCA or aldosterone to be manifest. Marked sodium retention occurred in the adrenalectomized dogs in which the only kidney present was in the neck and, consequently, the kidney was not included in the high venous pressure region of the body. The constricting ligature was on the thoracic inferior vena cava and venous pressure was elevated only below the ligature.
Since transplantation denervates the kidney, the present observations also demonstrate that the renal nerves are not essential for Na retention and ascites formation. It is possible that the denervated kidney is more sensitive to circulating catechol amines but if this occurs it does not form the basis for the increased response to DCA. It was demonstrated earlier 6 and also in the present dogs with an A-V fistula that the sensitivity mecha-nism is present with innervated in situ kidneys.
The possibility that a salt-losing hormone is secreted by the adrenal cortex by the normal animal and is responsible for the "escape" is excluded by the observation that essentially the same "escape" was observed in the present adrenalectomized animals and some adrenalectomized patients show the "escape" phenomenon. 5 The frequent observation of reduced renal hemodynamic function in patients and animals with cardiovascular alterations but without frank heart failure suggests that some renal functional change might sensitize the kidney to DCA or aldosterone. Also, it has been repeatedly suggested that an increase in GFR accounts for the "escape" from Na retention in normal animals. Biglieri and Forsham -4 have reported that in primary hyperaldosteronism the extracellular fluid is expanded and GFR appears to be more labile than in normal individuals; they suggested that a rapid increase in GFR occurs in response to a Na load and limits the further expansion of body fluids and edema formation. It should be pointed out that the "escape" phenomenon has been observed 4 in normal dogs in the absence of a detectable increase in GFR and RPF. In the present experiments, repeated measurements of GFR and RPF in the transplanted kidney were made during caval constriction and following removal of the caval ligature in adrenalectomized dogs on a constant large dose of DCA. During caval constriction the observed values for GFR and RPF were as high or higher than after removal of the caval ligature, but because of the variable results, the occurrence of a low GFR and RPF cannot be completely excluded. After removal of the caval ligature in one animal, a progressive drop in both GFR and RPF occurred and reached a level of 50% of the values observed during caval constriction but Na retention and ascites formation failed to occur. Finally, extensive postprandial meassurements of GFR were made several years ago 11 in dogs with thoracic caval constriction; the initial level of GFR before the meal Circulation Research. Volume XIV. January 1964 and the postprandial rise in CFR were frequently as great as before caval constriction although Na retention was virtually complete after caval constriction. In this earlier study, the animals with thoracic caval constriction were secreting large amounts of aldosterone L ' 5 ; the rise in GFR following the meal provided convincing evidence that a low GFR was not the factor essential for Na retention in the presence of a high circulating level of aldosterone.
In the present study, the 50% to 70% reduction in renal hemodynamic function in hypophysectomized dogs failed to influence the response to a large dose of DCA; the usual "escape" occurred. Also, the postprandial rise in GFR in dogs with an aortic-caval fistula both before and during DCA administration was similar to that observed in normal animals u yet the dogs with an arteriovenous fistula were sensitive to DCA. Therefore, neither the present experiments nor earlier studies 11 of dogs with caval constriction support the view that a reduction in GFR or RPF is necessary or sufficient to promote chronic Na retention in the presence of DCA or aldosterone.
In the absence of evidence for the importance of a reduction in GFR or RPF in chronic Na retention, the possibility must be considered that a humoral factor directly influences the action of aldosterone or DCA on the renal tubules. This factor does not appear to be angiotensin n. Intravenous infusion of angiotensin n has been reported to decrease Na excretion in normal human subjects -" and in adrenalectomized patients'-' but these effects were probably mediated by a decrease in GFR. Conclusive evidence for a renal tubular action of angiotensin n is the finding of Laragh and associates -° that a verylarge dose of angiotensin n increased rather than decreased Na excretion in patients with cirrhosis of the liver. Also, in dogs with thoracic caval constriction, application of a body cast decreased urinary aldosterone excretion and presumably the circulating level of angiotensin n and a natriuresis ensued 2S ; yet, these animals retained their sensitivity to DCA with the result that marked Na retention oc-curred during administration of a large dose of this hormone (unpublished observations).
In considering a humoral mechanism it is of interest that de Wardener and co-workers 20 have suggested that alterations in the plasma level of a humoral factor other than aldosterone lead to a natriuresis during the intravenous administration of saline. Their results did not indicate whether a decrease or an increase in the circulating blood level of the postulated humor was present during natriuresis. If such a humoral factor exists, then a decrease during natriuresis and an increase during Na retention would provide a reasonable hypothesis to explain the findings of de Wardener and the present data. In animals with depressed myocardial function, with thoracic caval constriction, or with an arteriovenous fistula, some functional alteration might lead to increased release of a humoral factor which acts in association with aldosterone to promote Na retention. Additional studies are needed to determine whether the extra-adrenal factor essential for renal Na retention in the presence of excessive aldosterone is 1) a humoral factor, or 2) some undefined renal functional change.
Summary
Evidence is presented for an extra-adrenal factor which is necessary for aldosterone or DCA to produce chronic renal Na retention. To study this factor, the left kidney was transplanted to the neck, both adrenal glands and the right kidney were removed and the thoracic inferior vena cava was constricted in six dogs. For a period of two to three weeks, injection of 25 mg/day of DCA resulted in marked Na retention by the transplanted kidney and ascites formed. Neither renal venous hypertension nor the renal nerves were essential for renal Na retention under these circumstances since the transplanted kidney was denervated and its venous drainage was into the external jugular vein with a normal venous pressure. Removal of the caval ligature in four of the dogs was followed by a diuresis and loss of ascites in spite of continued injection of 25 mg/day of DCA. Similar changes occurred during the injection of aldosterone instead of DCA. Measurements of renal hemodynamic function, first, during Na retention and ascites formation and, later, after removal of the caval ligature showed levels of GFB and RPF during Na retention as high as or higher than those observed during the diuresis and subsequent Na balance. In three hypophysectomized dogs with a very low GFR and RPF, Na retention failed to occur during injection of 25 mg/day of DCA. Also, in three adrenalectomized dogs, administration of a large dose of DCA failed to produce chronic Na retention. Finally, four dogs with a large aortic-caval fistula were given 25 mg/day of DCA; sustained Na retention occurred in all four animals and ascites developed in two of the four dogs. A low rate of Na excretion in these animals was present despite a large postprandial rise in GFR. Available evidence indicates that the extra-adrenal factor is either 1) a humoral agent, or 2) some as yet undefined renal functional change.
